Abstract-Inspection of faulty insulators is an effective and practical way to protect the power transmission lines from accidental power blackouts caused by aging insulators. The traditional manual inspection using a live-line tester is laborintensive, dangerous, inefficient and inaccurate. This paper presents a review of insulator inspection robots and classifies the robots into three categories based on the locomotion mechanism. The structures and details of some typical robot prototypes are described. Moreover, some vital techniques such as mechanical design, control system and electromagnetic compatibility are discussed. Finally, the developing trends and the application perspective of the insulator inspection robots are presented.
INTRODUCTION
The insulators, which are intended for electrical insulation and mechanical fixing of conductors, are one of the key components in power transmission lines. They are gradually aging as the insulators are subject to the mechanical stress, thermal stress and high-voltage stress in all operating areas. The aging insulators may be insufficient to provide eno ugh insulation resistance and may lead to accidental power failures which threaten the safety of the running of power transmission lines. In order to detect the aging insulators in time, the line workers regularly inspect the insulator strings.
At present, the inspection methods for insulators can be divided into two categories, namely, methods based on nonelectric quantities and methods based on electric quantities [1] . Methods based on non-electric quantities mainly include direct observing method, ultraviolet radiation imaging method, infrared imaging method and ultrasonic detecting method. Methods based on electric quantities include potential measurement, insulation resistance measurement, electric field measurement, leakage current measurement and impulse current measurement [1] . In practice, the most commonly used methods are insulation resistance measurement and electric field measurement. Manual inspection using an insulator tester is the most popular and practical inspection method to detect the faulty insulators in China. Fig.1 shows the linemen detect the faulty insulator using a live-line tester attached to a long hot stick which is difficult to hold. However, this method is labor-intensive, extremely dangerous and inefficient. Traditional insulator inspection methods are difficult to meet the demands of smart grids and the robot technology provides a new solution to detecting the insulators. Mobile robots can work under live-line condition and move along the insulator strings. The robots can carry inspecting tools to detect faulty insulators by measuring the insulation resistance or the electric field. Thus, inspecting the insulators using mobile robots is promising.
II. REVIEW OF RESEARCH PROJECTS
Many researchers in the United States, Italy, Korea and China presented a lot of applications of robots for inspecting and cleaning insulator strings. Early work is mainly on the mechanical design of robots able to move along the insulator strings. Among the various researches on this field, only a few resulted in validated prototypes which are able to perform maintenance work. The robot prototypes are mainly consisted of the locomotion mechanism and the maintenance mechanism, and can be classified into three categories according to the locomotion mechanism, namely, robots based on inchworms, robots base on caterpillars and robots based on wheel-legs.
A. Robots Based on Inchworms
The insulator inspection robots based on inchworms include at least two pairs of clamps which are used to grasp the insulator string and a lift ing mechanism wh ich enables one T his work was supported in part by Science and Technology Foundation of SGCC (N2012F-DDZX-06).
pair of the clamps move relatively to the other pair along the axis of the insulator string. The robots usually have a fixed platform attached to the frame and a slidable platform which is composed of a pair of clamps and a lifting mechanism. In order to move along the insulator string, the clamps of the fixed platform and the clamps of the slidable platform alternately grasp the insulator string while the lift ing mechanism moves the slidable platform with respect to the fixed platform accordingly. The robots have such advantages as stability and large load carrying capacity. However, the robots are slow, complicated and heavy.
Xiao, Zhu and Wu [2] proposed a locomotion mechanism which can move along the suspension insulator strings of high-voltage power transmission lines in 2005. The mechanism is comprised of the frame, a rotating arm with a pair of clamps, a fixed arm with a pair of clamps and a lifting mechanism which can adjust the distance between the two arms. Wu introduced an insulator inspection and cleaning robot in 2014 [3] . The robot includes three frames, several clamps, a lifting mechanism, the cleaning mechanism and the inspection mechanism.
Korea Electric Po wer Research Institute (KEPRI) presented an insulator inspection and cleaning robot for double tension insulator strings in 345kV power transmission lines in 2006 [4] [5] [6] . The robot is consisted of a left wing, a right wing and a wing connection mechanism. The structure of the left wing is similar to that of the right wing and is composed of two frames, namely, the outer frame and the inner frame. Several skid blocks and two clamps are installed on the fixed outer frame. There are two clamps on the inner frame and the inner frame can move relatively to the outer frame through a ball-bearing screw mechanism. The clamps are drive by RC motors. Moreover, the cleaning mechanism is installed on the inner frame. The robot uses two brushes to clean the surface of the dirty insulator and measures the insulation resistance to detect faulty insulators. The wing connection mechanism is used to connect the left wing and the right wing. The laboratory experiments and field experiments are carried, as seen in Fig.2 . The control system of the robot is consisted of a host control station and a local control station [4] . The two control stations communicate with each other via wireless LAN. The host control station includes a portable PC and a wireless LAN controller and the local control station is composed of a master controller and two slave controllers. The robot can operate in both manual mode and fully automatic mode. Lithiumpolymer batteries are chosen as the power resource and the robot can continuously work for 5 hours.
Park, Cho, Byun, and Lee developed a new insulator inspection and cleaning robot for live-line suspension insulator strings in 345kV power transmission lines in 2009 [7] . The robot is consisted of the frame, the left wing, the right wing and the wing connection mechanism. The structure of th e wing is similar to that of the robot designed in 2006 and the wing connection mechanism differs fro m that of the robot for double tension insulator strings. The shape of the robot is similar to a cage as the robot should operate on the suspension insulator string. The wing connection mechanism is used to open or close two wings of the robot and the cam-fo llo wer is used to meet this demand. Two sets of brushes are used to clean the dirty surface of the insulator. The robot is superior in insulation as the number of insulators grasped by the robot is not bigger than two. Fig.3 shows the robot is tested under liveline conditions in Gochang power testing center. [8] . The robot includes a first platform on which an outer gripping mechanism is installed, a second slidable platform on which an inner gripping mechanism is installed. The outer and inner gripping mechanisms are designed to move between an open position where there is no mechanical interference and a closed position where the outer and inner gripping mechanisms engage the insulator string. The robot may include inspection technologies such as a camera, permittivity/conductivity sensors and other desired inspection technology (infrared cameras, NCI tools). The prototype is developed and the laboratory experiments are carried out, as shown in Fig.4 . proposed an insulator inspection robot for suspension insulator strings in 2012 [9] . The robot is composed of the gripping mechanisms, the lift ing mechanism, the inspection mechanism and the control system. The lifting mechanism is designed to adjust the distance between the upper gripping mechanism and the lower gripping mechanism. The inspection mechanism measures the distributed voltage to detect the faulty insulators.
Shenyang Institute of Automation developed a live-line insulator cleaning robot for suspension insulator strings in 500kV power transmission lines in 2015 [10] . The robot is composed of the locomotion mechanism which enables the robot move along the insulator chain, the cleaning mechanism which accomplishes the cleaning task and the frame to which the locomotion mechanism is attached. The locomotion mechanism is consisted of the lower gripping platform, the upper gripping platform and the lifting mechanism. The upper gripping mechanism mainly includes a pair of clamps and the lower gripping mechanism includes a pair of clamps and the lifting mechanism. The upper gripping platform is grounded to the frame while the lower gripping platform is connected to frame through the lifting mechanism which can adjust the distance between two platforms. The cleaning platform is composed of the cleaning mechanism which is intended for insulator cleaning task and the lifting mechanism which enable the cleaning mechanism to move along the lead screw shared by the moving mechanism of the loco motion mechanism. Fig.5 is the 3D model of the robot. Yao, He and Zhang [11] presented a novel insulator inspection robot mechanism for live-line suspension insulator strings. The robot is comprised of the lifting platform and two grasping mechanisms wh ich are located at the two sides of the lifting platform. When one of the grasping mechanisms engages the insulator string, the other grasping mechanism moves relatively to the first grasping mechanism with the help of the lifting mechanism. The robot can be used to detect faulty insulator for tension insulator strings and suspension insulator strings in power transmission lines with voltages up to 1000kV. The prototype is developed, as shown in Fig.6 . The robot can work for 3 hours without recharging. The performance indexes are shown in Table I . 
B. Robots Based on Caterpillars
The insulator inspection robots based on caterpillars includes at least a set of loco motion mechanism based on caterpillars, some sets of guide pillars and the inspection mechanism. The robots can move fast and have good adaptability to the shape of the insulators. However, the structure may be comp licated when it's intended for suspension insulator strings because extra mechanisms are needed.
Shenyang Institute of Automation designed an insulator detection robot to detect the faulty insulators for double horizontal insulator strings in 500kV power transmission lines [12] [13] , as shown in Fig.7 . The mechanism of the robot is composed of a main body, two track wheels, two guide frames, a variable-pitch telescopic mechanism, two travel switches, two detection probes, a controller, an insulator tester and the batteries. The track wheels are driven by DC motors and connected to the variable-pitch telescopic mechanism through rotary joints. The variable-pitch telescopic mechanism improves the robot's adaptability to the dimensions of the insulator string. The control system main ly includes the control unit, the drive unit and the power unit. The robot measures the insulation resistance to detect faulty insulators. Field experiment in 500kV power transmission lines shows the robot can perform insulator inspection task successfully with high speed. The performance indexes are shown in Table  II . Researchers from Shandong Electric Power Research Institute [14] proposed an insulator inspection robot system for horizontal insulator strings. The robot is consisted of three track wheels, the clamping mechanism, the insulator tester and the anti-drop mechanism. The track wheels are distributed evenly around the insulator chain and the robot measures the distributed voltage to detect the faulty insulators.
C. Robots Based on Wheel-Legs
The insulator inspection robots based on wheel-legs usually includes at least two wheel-legs. Each wheel-leg is consisted of several legs distributed evenly around the drive shaft of the wheel-leg. The end tips of the legs are in contact with the insulator to support the robot, and the robot can move along the insulator string with the help of the rotating wheellegs. The robots are light-weighted, simple in structure, adaptable to the shape of the insulator and fast. However, the stability of the robots is not good because the contact area is small.
Researchers from KEPRI developed a novel inspection robot mechanism for live-line suspension insulator strings in 345kV power lines in 2008 [15] [16] , as shown in Fig.8 . The locomotion mechanism of the robot is based on wheel-leg mechanism and the robot measures the insulation resistance to detect faulty insulators. The robot mechanism is comprised of three wheel-leg loco motion mechanisms, an inspection module, a connection module to couple up the robot to the manual installation tool, a wing connection module, a Megger module, two battery modules, a crack detection module and a controller module. Each wheel-leg mechanism includes two legs installed at the upper frame and two legs installed at the lower frame, and the four legs are drive by a DC motor. The aforementioned four legs contact with the skirts of the insulator string by turns to drive the robot along the insulator chain. The robot weights 2.5kg. The prototype is developed and the experiments are carried out. The prototype developed by KEPRI in 2008 requires large force to open the robot's wing under live-line condition, and detecting faulty insulators by measuring the insulation resistance is not accurate as the resistance is affected by environmental pollution and humid ity. Park, Lee, Cho and Oh developed an advanced insulator inspection robot in 2010 [17] . The novel robot is based on wheel-leg loco motion mechanism and is comprised of three pairs of actuation modules, an inspection module, a connection module, a controller module and two battery modules. The frame of the robot is made of a flexible carbon composite instead of the metal, wh ich decrease the installation force. Besides, both the distributed voltage and the insulation resistance are measured to detect faulty insulators. Experimental results confirmed the effectiveness of the robot. The robot weighs 2.97 kg. It takes 20s to install the robot and 15s to remove the robot. Fig.9 is the prototype of the robot Figure 9 . Novel insulator inspection robot developed by KEPRI SEPRI presented an insulator inspection robot in 2012 [18] . The overall structure of the robot includes the locomotion mechanism based on wheel-leg mechanism, the clamp ing mechanism to grasp the insulator chain, the inspection mechanism to detect the insulator and the control system. The robot measures the insulation resistance and electric field to detect faulty insulators and some cameras are used to inspect the insulator string. Laboratory experiments and field experiments are carried out and experimental results show the robot can perform insulator inspection task under live-line conditions. 
III. KEY TECHNIQUES OF INSULATOR INSPECTION ROBOTS
The robot technology is a synthesis of computer science, control engineering, artificial intelligence, sensory technology and mechanical engineering. The complexity of the working environment contributes to the difficu lty of robot design. Current researches mainly focus on the functional implementation of the robot and some challenges remain to be met.
A. Mechanical Design
Mechanical system is the fundamental system of the robot and is one of the vital key techniques of insulator inspection robots. It's difficult to design the mechanical structure of the robot as the robot performs inspection task in hard-to-reach and semi-structural environment. The robot is mainly consisted of the locomotion mechanism which can move along the insulator string and the inspection mechanism which inspects the insulators.
The locomotion mechanism [19] should meet the following requirements：  Mobility: The robot should be able to move along different types of insulator strings such as tension strings and suspension strings. The robot should adapt to the dimensional variations of the semi-structural insulator as the insulators of the same type differ in shape and dimensions.
 Load carrying capacity: The robot should have enough load carrying capacity.
 Stability: The issue of stability main ly includes the number of contact points, the center of gravity and static/dynamic stability. The robot should be stable to perform insulator inspection task.
 Safety: When the robot performs ins pection task, the safety of linemen and power transmission lines should be ensured. The number of insulators contacted by the robot should not exceed three in a live-line task. Besides, special measures should be taken to prohibit the robot from falling.
The locomotion mechanism wh ich is able to move along the insulator strings can be classified into three types, namely, inchworm-based locomotion mechanism, caterpillar-based locomotion mechanism and wheel-leg-based locomotion mechanism. The speed, the complexity of structure, the stability, the load carrying capacity and the safety should be considered when the robot is designed.
The inspection mechanism is also vital as it has great influence on the inspection results of the inspection task. The mechanical design of the inspection mechanism depends heavily on the inspection method, the structure of the inspection tool and the environment of the insulator string.
B. Control System
The insulator inspection robot performs inspecting task on the live-line insulator strings at high locations. The robot should work automatically after installed by linemen to improve the efficiency of inspection, and the robot can be operated manually by the linemen in case that some unexpected incidents may occur. Thus, the robot should work in both automatic mode and manual mode, and the architecture of the control system may be complex.
The control system may get insufficient sensor information as the environment of the insulator strings are very complicated and semi-structural. Adequate sensors should be equipped on the robot and sensor fusion should be used to improve the autonomy of the robot.
Special attention should be paid to choosing the components of the control system as the robot works in liveline condition. The control sys tem should be light-weighted stable, and compact.
C. Telecommunication System
Co mmunication systems should be selected according to the regulations such as the type of technology, the frequency and the voltage level of the power transmission lines. Data communication is essential because the robot may encounter the situation where manual interference may be needed when the robot performs the inspecting task. A vision system which requires high transmission rate may be indispensable to achieve an autonomous ins ulator inspection robot which can be operated manually when the robot encounters occasional accidents. The data communication system is aimed at transmitting commands and the vision system is intended for transmitting images. The transmitting distance can be less than 150m as the robot always performs inspecting task on the overhead insulator strings. Besides, the frequency for data transmission may be different from that for vision transmission in order to avoid interference.
D. Electromagnetic Compatibility
The insulator inspection robots perform live-line inspection task to detect the faulty insulators in high-voltage power transmission lines. Both electric field and magnetic field exist on insulator strings. Special measures should be taken to ensure that the robots work reliably under the influence of electromagnetic rad iation. It's effective to establish a zone of equipotential for the robot [20] . All metal components of the robot should be connected with low contact resistance. The cables, the sensors, the battery and the circuits should be shielded by conductive objects such as shielding cloth and metal bo x. Moreover, special attention should be paid to the mechanical design and control system design to improve the electromagnetic compatibility.
IV. CONCLUSION
A comprehensive state-of-art survey on mobile robots capable of inspecting the insulator string for power transmission lines was presented in this paper. The research in this field is pro mising as the demands are increasing. Current researches mainly focus on the functional implementation of the robot prototypes and much work remains to be done to apply the robots to the practical inspecting of insulator strings. The robots may be much more light-weighted to improve the efficiency of the inspection task. The inspection results would be more reliable if several inspection techniques are comb ined to provide more information on the characteristics of the insulators. Future work should mainly be oriented towards the mechanical design of the robot, the control strategy, the telecommunication system and the sensor fusion to improve the autonomy of the robot.
